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ABSTRACT
The main objectives of this report were to perform analysis of an ideal scramjet engine, to
assess the influence of fuel on endurance factor and the possibility of lowering the starting Mach
Number of the scramjet. In the first part, an ideal cycle parametric analysis was conducted on three
different fuels i.e. Liquid Hydrogen (LH2), Jet Propellant 7 (JP-7), and Rocket Propellant (RP-1),
taking into account their availability, physical properties, current uses, and potential uses. The
detailed analysis is done largely relying on a 9 step Parametric Cycle Analysis technique to study
how fuel properties influence the variation of seven important performance parameters: specific
thrust, thrust-specific fuel consumption, thermal efficiency, propulsive efficiency, overall
efficiency, fuel-to-air ratio, and thrust flux with flight conditions. The major factor in deciding the
fuel choice was lower heating value of the fuel which directly affects thrust specific fuel
consumption and fuel-to-air ratio. However, density, weight, and flash point were also considered.
Fuel recommendation was made after the detailed analysis of plots and figures generated applying
different scenarios in the derived equations. The second portion of the paper is dedicated to
studying the possibilities of operating a scramjet at a lower startup freestream Mach number such
that performance at high Mach Numbers are still retained. Recent publications indicate that the
transition from subsonic to supersonic combustion is currently achievable at freestream Mach
number of 5. While the engine design is one of the prime parameters in lowering the starting Mach
number to 3.50. This report is primarily focused on developing insights into the possibility that
lower starting Mach numbers might be achieved by carefully selecting fuels based on their
properties; namely hPR and ignition temperature. It is found that the starting Mach Number of 4.30
is attainable with the current technologies but the operation of the Scramjet Engine at Mach
Number 3.50 is not possible with the fuels researched and other variations in the system
v
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NOMENCLATURE
F
= Thrust, N
𝑎𝑜
= Freestream speed of sound, m/s
𝑉0 = Freestream velocity
𝑉9 = engine nozzle exit velocity (Ve =𝑉9), m / s
Mc
= Combustion Mach number
Mo
= Freestream Mach number
M9
= Mach number at engine nozzle exit (M9’ = M9’’ = M9 = Mo)
F/ṁo = specific thrust, N / (kg / s)
A2
= diffuser (engine inlet) exit area (Ae =A2), cm2; Combustor entrance area
A*/A = area ratio
Cp
= specific heat at constant pressure, kJ / (kg. K)
gc
= Newton’s constant, (kg. m) / (N. s2)
hPR
= lower heating value, kJ / kg
h0
= freestream ambient enthalpy, kJ / kg
h9
= enthalpy at engine nozzle xit, kJ / kg
ht2
= total enthalpy at combustor entrance, kJ / kg
ht4
= total enthalpy at combustor exit, kJ / kg
ṁ0
= mass flow rate of air, kg / s
ṁf
= mass flow rate of fuel, kg / s
P0
= freestream static pressure, Pa
P9
= static pressure at engine nozzle exit (Pe = P9), Pa;(also P9’ and P9’’)
Pt0
= freestream total pressure, Pa
Pt2
= total pressure at combustor entrance, Pa;(also, P2’’)
Pt4
= total pressure at combustor exit, Pa
Pt9
= total pressure at engine nozzle inlet, Pa;(also Pt9’ and Pt9’’)
R
= gas constant for air, kJ / (kg. K)
S
= entropy, (J / K)
S
= thrust-specific fuel consumption, mg / (N. s)
T
= temperature, K
Tmax
= material temperature limit, K
T 'max = burner exit total temperature, Mc < Mo, K
T ''max = burner exit total temperature, Mc ≥ Mo, K
T0
= freestream ambient temperature, K
Tt0
= freestream total temperature, K
T2
= temperature at combustor entrance, K (also T’2)
Tt2
= total temperature at combustor entrance, K (also T’’2)
Tt4
= total temperature at combustor exit, K
T9
= temperature at engine nozzle exit, K (also T9’ and T9’’)
Tt9
= total temperature at engine nozzle inlet, K (also Tt9’ and Tt9’’)
Ẇnetout = amount of work per unit time through the net area from T-s diagram, J / s
̇
Q in = heat flow rate by combustion, J / s
γ
= ratio of specific heats
ix

f

τb
τd
τn
τr
τλ
πb
πd
πn
πr
ηT
ηP
ηo
CL
CD

= fuel-to-air ratio
= total temperature ratio across burner, Tt4 / Tt2, τλ /τr
= total temperature ratio across diffuser, Tt2 / Tt0
= total temperature ratio across nozzle, Tt4 / Tt9

= inlet temperature ratio, Tt0 / T0 = [1 + (γ - 1) Mo2 / 2]
= total temperature to freestream temperature ratio, Tt4 / T0 = Tmax / T0
= total pressure ratio across burner, Pt4 / Pt2
= total pressure ratio across diffuser, Pt2 / Pt0
= total pressure ratio across nozzle, Pt9 / Pt4
= inlet pressure ratio, Pt0 / P0 = [1 + (γ - 1) M 0 2 / 2] γ / γ-1
= thermal efficiency
= propulsive efficiency
= overall efficiency
= Lift Coefficient
= Drag Coefficient

x

1. INTRODUCTION
1.1 Air-breathing Engines:
A jet engine is a reaction engine based on Newton’s Third Law of Motion in which the
propulsion is achieved by expulsion of the reaction mass. Air breathing gas turbine engines with
axial flow are the most common type of jet engines in the aviation world. The turbojet is the most
common jet engine used in commercial aviation which operates at low Mach numbers and consists
of the inlet, the gas turbine engine (which includes a compressor, a combustion chamber, and a
turbine) and the exhaust nozzle [1]. However, with the need for high-speed jet engines for military
and defense applications, ramjet and scramjet engines were developed. The operation of the ramjet
is different from that of the normal jet engine in terms of the combustion. Before combustion, the
forward speed of a ramjet compresses the air-fuel stream unlike the compressor compressing the
air in a normal jet engine. The operating Mach number range of the ramjet is approximately 3-6
with the compression of the airflow to subsonic Mach number. A scramjet is a special type of a
ramjet in which the fuel is burnt with the supersonic airflow unlike the ramjet. It is believed to
achieve the flight Mach number up to 15 on the basis of some tests demonstrating the flight up to
9.6 as reached by X-43A [2]. The different types of air-breathing engines are shown in Figure 1.
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Figure 1: Different types of air-breathing engines [3]

1.2 Scramjet:
The basic components of the scramjet engines are: a converging inlet, a combustor, and a
diverging nozzle. As shown in Figure 2, in the converging inlet, the incoming air is compressed
and decelerated, the gaseous fuel is burned with atmospheric oxygen to produce heat in the
combustor, and finally the heated air is accelerated to produce thrust. The scramjet works similarly
to ramjets, however in order to achieve the initial speed, a different propulsion technology must
be used to get the scramjet up to operating speed- it may be a rocket or turbojet engine [4].
Minimum operating speeds for scramjets are currently above Mach 4.
The advantages of the scramjet engine include: the fuel burns with the atmospheric oxygen,
simple geometry, i.e., no rotating parts, and higher speed meaning cheaper access to outer space
2

in the future. The selection of a proper propellant (like hydrogen) will produce environmentally
benign products of combustion, namely H2O [4]. The disadvantage of a scramjet engine is the
necessity of additional propulsion systems to accelerate the scramjet to high Mach numbers for
effective operation.

Figure 2: An Ideal Scramjet Engine [5]

1.3 History:
The research into the science and technologies underlying supersonic flight began as early
as World War II and will continue to be an active area of interest for some time to come. Rather
than the thorough history of the scramjet, the most recent works will be presented in this paper. In
1985, the HySHOT team from the University of Queensland tested four experimental scramjet
engines, and supersonic combustion was achieved during the second and third flights [6]. NASA
successfully launched the X-43 A in early 2004 [7]. Later that same year, the X-43 A flew at a
record speed of Mach 9.8 for 11 seconds [8]. Both the X-43 A and the X-51 A were launched from
airborne platforms and used a rocket booster to accelerate the scramjet to operating speed. The
HyCAUSE system, first flown in 2007, was launched from the ground using a rocket to reach
altitude and operating speed, and reached speeds of roughly Mach 9 while operating as a scramjet.
The HyCAUSE experiments were sponsored by the Defense Advanced Research Projects Agency
3

(DARPA) in collaboration with the Australian Defense Science and Technology Organization
(DSTO) [7]. In 2010, the highest flight time for the hypersonic flight was set to 200 seconds at
Mach 5 by X-51 Wave rider [9].

1.4 Scramjet Fuel Considerations
There are many technological and design challenges associated with the development of
air-breathing engines capable of powering sustained hypersonic flight. In the case of the scramjet,
where combustion takes place at supersonic speeds, fuel properties and combustion characteristics
affect potential engine performance, and careful consideration of these characteristics is a
necessary part of the selection process. A property of primary interest is, of course, the lower
heating value which determines the heat energy that can be added to the flow during the
combustion process. Provided that other conditions for combustion to take place have been met,
the lower heating value influences the fuel-to-air ratio and directly impacts a performance
parameter referred to as the thrust specific fuel consumption of the system. However, because of
the high flow rates through the combustor, there are other fuel characteristics such as ignition
temperature that must be considered when selecting a fuel.
There are a number of existing fuels that could be considered for scramjet applications.
These include cryogenic fuels such as liquid hydrogen, and a wide variety of hydrocarbons of the
general form CxHy, where x and y represent the number of carbon and hydrogen atoms per molecule
of a fuel respectively. Different hydrocarbon fuels have been developed for a broad range of
applications, and each has combustion and handling characteristics that should be considered
during the selection process.
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1.5 Objectives of this Study
The primary purpose of this study was to investigate how fuel choice can affect potential
scramjet performance, and develop insights on which fuels might be most appropriate for high
endurance applications. An additional objective is to assess the possibility that fuel choice might
be a useful way to reduce the starting Mach number to Mach 4 or less. A procedure developed
for assessing performance trends for ideal propulsion systems known as a Parametric Cycle
Analysis (PCA) is used to assess how fuel choice affects potential performance of an ideal
scramjet. A detailed description of the PCA process is provided in Ref. [10]. The PCA process
was extended to the ideal scramjet engine cycle by Roux, Shakya and Choi in Ref. [11], and that
formulation will be used to support this study.

1.6 Startup Mach Number Analysis
In addition to the various technical challenges in the areas of Air inlet/diffuser, combustor,
nozzle, and structures and materials, the challenge of reducing the starting Mach Number for a
Scramjet Engine is worth attention. In order for a scramjet to operate, it must first be accelerated
to a sufficiently high flight Mach number to support supersonic combustion. The direct advantage
of lower starting Mach Number is that it could lead to more desirable options for the auxiliary
propulsion systems required to accelerate the system to the starting Mach number for the scramjet.
The analysis for selection of fuel based on endurance factor will be extended to evaluate how hPR
and ignition temperature of the fuel can affect the operability of a scramjet at lower Mach number
while at the same time keeping up with the better overall engine performance.

5

The objective was to lower the starting Mach number to 3.50, and retain the performance
of a scramjet started at high Mach Numbers within the same flow path. As mentioned in [12], a
turbojet engine can provide thrust from takeoff to a speed of Mach 3 or 4. For the scramjet starting
at Mach Number of 3.50, the transitioning ramjet system can be removed from the overall system
consisting of turbojet and scramjet regardless of the target Mach Number and the fuel used for the
scramjet [13]. This approach is desirable for the advantages mentioned earlier in the section. This
paper is dedicated to the investigation of the possibility of lowering the Mach Number at which
scramjet starts keeping the fuel selection the key design Parameter.

6

2. STATEMENT OF THE PROBLEM
2.1 Definition of the Problem:
The main goal of this part is determining which proposed fuels can yield better
performance on the basis of evaluation and comparison of the performance parameters of the
scramjet engine bringing the heating values (hPR) into play. Major fuel considerations include:
higher heating value (hPR), pollution, density, and weight. The higher the heating value, the more
the thrust per unit mass the fuel can deliver. The density of the fuel should be high enough to
produce the required amount of energy and low enough to contribute less to the overall weight of
the scramjet. The exhaust of the fuel would preferably be eco-friendly. The two major portions of
the work include: investigating the performance parameters of the scramjet engine by
mathematical analysis, and performing an analysis of the performance of these parametric
characteristics for the scramjet engine. The plot of each performance parameter versus the
freestream Mach number (M0) at different combustion Mach numbers (Mc) are presented as results
to facilitate the fuel selection.

2.2 Parametric Cycle Analysis
A parametric cycle analysis can be useful in relating the performance parameters of engines
at different flight conditions (primarily thrust F and thrust specific fuel consumption S) to design
choices (compressor pressure ratio, fan pressure ratio, bypass ratio, etc.), design limit (burner exit
temperature, compressor exit pressure, etc.), and flight environment (Mach number, ambient
temperature, etc.). Since the engine geometry is not a factor in PCA, the graphical relationships
between performance parameters do not depict the performance of a particular engine [10]. The
PCA approach will be heavily used for assessing performance based on the following performance
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parameters: specific thrust, thrust-specific fuel consumption, fuel-to-air ratio, thermal efficiency,
propulsive efficiency, overall efficiency, and thrust flux. Fuel recommendations will be based on
an analysis of how fuel properties in combination with design choices such as material limit and
combustion Mach number influence the variation of the above performance parameters with
different flight conditions, i.e., altitude and Mach number.

2.3 T-s Diagram:
The analysis for the ideal scramjet is no different than that of other air-breathing engines
since the analysis of all these engines is based on Brayton Cycle which is described in the
temperature vs entropy (T-s) diagram in Figure 4. Unlike the inlet flow compressed isentropically
to rest for subsonic combustion in ramjet, the scramjet has the flow at inlet compressed to
supersonic speed at T2. The isobaric supersonic combustion, performed at Tmax, which is the static
temperature at the combustor exit, increases the temperature of the stream to T9’, much higher than
that in ramjet. Hence, the exhaust through the nozzle is released at a very high temperature to the
ambient with isentropic expansion. In the aircrafts powered by ramjet engines, the maximum
temperature for the engine material Tmax is identical to the stagnation temperature in the engine
due to combustion Mach number Mc being zero. In contrast, the flow of gases inside the scramjet
engines burn at constant supersonic Mach number resulting in the total burner exit stagnation
temperature T'max not being identical to the burner exit temperature. The major benefit of using a
scramjet engine is the additional work per unit mass gained as a result of the supersonic combustion
when T'max is unequal to the static burner exit temperature [11]. The theoretical possibility of the
aforementioned benefit can be seen in the T-s diagram with cases of Mc < M0 and Mc ≥ M0. The
assigned material thermal limit Tmax of 1900 K will be utilized throughout the analysis.

8

Figure 3: T-s diagram for comparison of ideal ramjet and scramjet [11]

9

2.4 Fuel Selection
As stated in section 2.1, the major considerations for selection of fuel were: lower heating
value, pollutant emission, density, and weight. Sticking to these criteria, the currently used
hydrocarbon-based jet and rocket propellants and liquid hydrogen were chosen, as displayed in
Table 1, for the design of scramjet based on type of fuel.

Liquid hydrogen (LH2) has a very high hPR value meaning that the energy per unit mass
delivered by it for thrust will be higher even for its lower density. However, it is to be noted that
the very low density of LH2 substantially increases the volume of fuel required to produce
endurance comparable to other fuels. It mixes well with air facilitating the efficient combustion,
causes minimal pollution (the exhaust being H2O), and readily available. The lower flash point of
-253 ⁰C is key in ignition of the fuel mixture without the need of additives [14].
JP-7 (Jet Propellant 7, MIL-T-38219) is a jet fuel developed by the U.S. Air Force for use
in supersonic aircraft because of its high flashpoint and thermal stability. This fuel is used in the
Pratt & Whitney J58 engines and Lockheed SR-71 Blackbird. It can be easily operated within the
wide range of temperature – near freezing of high altitudes to high temperature of airframe and
engine parts being cooled. The lower volatility of this fuel is critical in achieving the flashresistance property even at higher temperature [15]. The high thermal stability and lubricating
properties (due to addition of fluorocarbons) were other tempting factors to take JP-7 into account
for fuel selection.
RP-1 (refined petroleum/rocket propellant) powers the first-stage boosters of the Delta II
and Atlas/Centaur rockets, and was also used in the first stage of the Saturn V and Saturn 1B rocket
[16]. The major pros of this fuel are: low toxicity as compared to other fuels, high density favorable
10

for a rocket’s first stage, and frequent use due to it being a familiar technology. However, the
price per gallon of the RP-1 is higher than LH2 and RP-1 is not as eco-friendly as LH2. The specific
impulse of RP-1 is less than that of LH2/LOX for the same amount of fuel. The exhaust released
after burning RP-1 might lead to failure of the engine and clogs in the combustion chamber [17].

Table 1: Comparison of three proposed fuels

Fuel Type

Lower
Heating Density (kg/m3)
Value, hPR(kJ/kg)

Flash Point (⁰C)

Liquid Hydrogen [18]

119,800

70.8

-253

JP-7 [19]

43,500

779-806

60

RP-1 [20]

43000

799-815

60
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3. ANALYSIS
Potential scramjet performance is investigated using a technique referred to as a Parametric
Cycle Analysis as developed in Ref. [11]. The approach assumes that the thermodynamic cycle of
the engine can be modeled as an ideal Brayton cycle, and the performance relationships are
developed from this model. A T-s diagram for the cycle can be used to describe the flow processes
taking place as the working fluid moves through the engine. Using this model, the flow is
compressed isentropically in the inlet. Heat addition takes place at constant pressure in the
combustor. The fluid then expands isentropically through the nozzle, and heat rejection takes place
at constant pressure in the free stream.

3.1 Assumptions for Parametric Cycle Analysis
Several assumptions are made in order to evaluate the performance parameters of an ideal
scramjet. The first assumption made while performing the cycle analysis is that the compression
and expansion process are isentropic (both reversible and adiabatic). The compression occurring
at the inlet from station 0 to 2 and through the nozzle into the ambient (𝑇9 ) are isentropic processes
and are represented by a vertical line on the T-s diagram. Hence, the following relationship shown
are developed:
𝜏𝑑 = 𝜏𝑛 =1 and

𝜋𝑑 = 𝜋𝑛 =1

(1)

where, 𝜏𝑑 is the total temperature ratio across the diffuser, 𝜏𝑛 is the total temperature ratio
across the nozzle, 𝜋𝑑 is the total pressure ratio across the diffuser, and 𝜋𝑛 is the total pressure ratio
across the nozzle.
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Secondly, the ideal scramjet engine is assumed to have a constant pressure combustion. This can
be represented mathematically as shown in Equation (2).
𝜋𝑏 =1

(2)

where, 𝜋𝑏 is the total pressure across the burner. In addition, air is the working fluid that
is assumed to be a perfect gas with constant specific heats and the pressure at the exhaust nozzle
is assumed to be equal to the ambient pressure which can be expressed mathematically as:
𝑃9 = 𝑃0

(3)

𝑃9 is the pressure at the exhaust nozzle and 𝑃0 is the ambient pressure.
Also, the fuel flow rate is much less than the airflow rate through the combustor in an
ideal scramjet. Thus,
ṁ𝑜 + ṁ𝑓 ≅ ṁ𝑜

(4)

The scramjet does not have a compressor and turbine unit like other propulsive engines
including turbojet and turbofan. So, the steps dealing with the turbine and compressor are not
performed in the parametric cycle analysis of a scramjet. Parametric cycle analysis performed in
this project desires to determine how the engine performance of a scramjet varies with changes in
properties of the fuel used.

3.2 Parametric Cycle Analysis for Ideal Scramjet
The parametric cycle analysis of an ideal scramjet consists of a few new variables that must
be defined before the actual cycle analysis. Following are the new variables used in the cycle
analysis. The ratio of the total free stream temperature to the static free stream temperature is
defined as 𝜏𝑟 , which can be calculated using Equation (5)

13

𝜏𝑟 =

1+

𝛾−1
2

𝑀𝑜2

(5)

The ratio of the total enthalpy exiting the burner to the free stream enthalpy is defined as
𝜏𝜆 and is calculated using Equation (6). There are two different versions of the equation that can

be used for the ratio based on combustion Mach number and the free stream Mach number. The
development of the performance relationships for an ideal scramjet follows the approach described
in References [21] an [11]. Ref. [11] shows that for a scramjet, the relationship for 𝜏𝜆 must be
adjusted to account for the combustion Mach number, so that:
𝑇′

𝑚𝑎𝑥
𝜏𝜆 = 𝑇
𝑜

for 𝑀𝑐 < 𝑀𝑜

𝑇′′

𝑚𝑎𝑥
𝜏𝜆 = 𝑇
𝑜

and

for 𝑀𝑐

≥ 𝑀𝑜

(6)

In an ideal scramjet engine, the airflow ideally de-accelerates as it enters the combustion
chamber. So, the Mach number of the airflow inside the combustion chamber is different from
freestream Mach number (𝑀𝑜 ). Thus, the Mach number at which the combustion takes place
inside the combustion chamber of a scramjet engine is the Combustion Mach number (𝑀𝑐 ).
During the analysis, the case in which the combustion Mach number is greater than freestream
Mach number was also considered. These are two cases for an ideal scramjet.

′
′′
𝑇𝑚𝑎𝑥
and 𝑇𝑚𝑎𝑥
can be calculated using Equations (7a) and (7b)

′
𝑇𝑚𝑎𝑥
=𝑇𝑚𝑎𝑥 [1 +

𝛾−1

′′
𝑇𝑚𝑎𝑥
=𝑇𝑚𝑎𝑥 [1 +

𝛾−1

2

2

𝑀𝑐2 ] for 𝑀𝑐 < 𝑀𝑜

(7a)

𝑀𝑜2 ] for 𝑀𝑐

(7b)

≥ 𝑀𝑜

Following the development in Ref. [10] and [11], the specific thrust can be written as:
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𝐹
𝑚𝑜.

=

𝑉𝑒 −𝑉𝑜
𝑔𝑐

=

𝑎𝑜 𝑉9
[
𝑔𝑐 𝑎𝑜

- 𝑀𝑜 ]

(8)
𝑉

The second step in the parametric cycle analysis is to obtain the velocity ratio ( 𝑎9).
𝑜

The speed of sound of a free stream can be expressed by:

𝑎𝑜 = √𝛾𝑅𝑇𝑜 𝑔𝑐

(9)

𝜏
𝑉9
=𝑀𝑜 √ 𝜏𝜆
𝑎𝑜
𝑟

(10)

Also,

The next step is to apply the first law of thermodynamics to the combustor and to determine an
expression for fuel/air ratio f.
Let us suppose the control volume of a combustor of a scramjet as shown in Figure 4.

Figure 4: Control Volume of an Ideal Scramjet Engine [21]

The resulting fuel-to-air ratio is given by:
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f=

𝑐𝑝 𝑇0
ℎ𝑃𝑅

( 𝜏𝜆 - 𝜏𝑟 )

(11)

𝜏𝜆 can be calculated on the basis of the given situation as mentioned in Equations (6) based on 𝑀𝑐

< 𝑀𝑜 or 𝑀𝑐 ≥ 𝑀𝑜 .
Now, the expression for the specific thrust can be rewritten as:
𝐹
ṁ𝑜

= 𝑎𝑔𝑜 [𝑉𝑎9 𝑀9 - 𝑀𝑜 ] = 𝑎𝑜𝑔𝑀𝑜 [ √𝜏𝜏𝜆 – 1]
𝑐

𝑜

𝑟

𝑐

(12)

The next step is to evaluate the thrust specific fuel consumption S, using the results for specific
thrust and fuel/air ratio:

S=

𝑓
𝐹/ṁ𝑜

𝑐𝑝 𝑇0
ℎ𝑃𝑅

( 𝜏𝜆 − 𝜏𝑟 )

𝑜 𝑀𝑜
𝑔𝑐

𝜏
[√ 𝜆
𝜏𝑟

=𝑎

=

– 1]

𝑐𝑝 𝑇0 𝑔𝑐 ( 𝜏𝜆 − 𝜏𝑟 )
𝜏
𝑎𝑜 𝑀𝑜 ℎ𝑃𝑅 [ √ 𝜆 – 1]

(13)

𝜏𝑟

Finally, the last step of the parametric cycle analysis of an ideal scramjet is to determine the thermal
efficiency, propulsive efficiency and overall efficiency.
The thermal efficiency can be expressed as:
𝜂𝑇

= Ẇ𝑛𝑒𝑡𝑜𝑢𝑡
= 1- 𝜏
𝑄̇

1

𝑖𝑛

(14)

𝑟

Also, the propulsive efficiency can be expressed as:

𝜂𝑃

=

𝟐
𝐹𝑔
( ̇ 𝑐 )+2
𝑚0 𝑉0

=

2
𝜏

√ 𝜏𝜆 +1

(15)

𝑟

Finally, the overall efficiency is defined as the product of thermal and propulsive efficiency and
can be expressed as following:
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𝜂𝑜

= 𝜂 𝑇 * 𝜂𝑃 =

2(𝜏𝑟 −1)
√𝜏𝑟 𝜏𝜆 +𝜏𝑟

(16)

The thrust provided per unit area is defined as a thrust flux. It is another important performance
parameter that needs to be evaluated in order to completely evaluate a scramjet engine. It can be
expressed as:
𝐹
𝐴2

=

𝐹 ṁ𝑜

(17)

ṁ𝑜 𝐴2

Where, 𝐴2 is the area of the exit diffuser. The above equation can be separated into three simpler
equations for simplicity.
ṁ𝑜
𝐴2

𝐴∗

𝑃0

𝐴

√𝑇0

= g (𝛾, 𝑅)( )

𝜏𝑟 3

(18)

}−1/2

(19)

Where,
𝐴∗
𝐴

={

1

[

2

𝑀22 𝛾+1

(1 +

𝛾−1
2

𝑀22

𝛾+1
𝛾−1

)]

Also,

g (𝛾, 𝑅) =

√𝛾 ( 2

𝑅 𝛾+1

)

𝛾+1
𝛾−1

(20)

In Equation (19), 𝑀2 is the Mach number at the diffuser exit/ burner inlet and in all the above
derived equations 𝑀𝑜 is the free stream flight Mach number and 𝑀𝑐 is the Mach number at the
combustion chamber. For a scramjet, 𝑀𝑐 = 𝑀2 .
Most of the performance parameters derived for the ideal scramjet can be compared in
context of the ideal ramjet. For instance, 𝜏𝜆 in the ideal scramjet can be derived by using Equation
17

(6) and these equations are all identically same as the ideal ramjet parametric equations when
𝑀𝑐 〜0 which is assumed for ideal ramjet combustion. The thermal efficiency of both the ideal
ramjet and scramjet are identical because thermal efficiency is not a function of 𝜏𝜆 .

3.3 Endurance Considerations
The length of the time an aircraft can remain in cruising flight depends on a number of
different factors like weight, aircraft speed, lift-to-drag ratio, thrust, and fuel consumption.
Endurance factor can be related to the thrust specific fuel consumption as shown in Equation (21)
as in the Ref. [10].
𝐶

1

𝑔

𝐸𝐹 = (𝐶 𝐿 ) 𝑇𝑆𝐹𝐶 (𝑔0 )
𝐷

𝑐

(21)

TSFC is the thrust specific fuel consumption of an installed engine which is always higher
than S since TSFC accounts for aerodynamic losses. For an uninstalled engine where aerodynamic
losses are not considered, TSFC and S are equal and a simple analysis can be carried out using the
endurance factor to develop an insight into which fuel is desirable from endurance point of view.
Thus, the Equation (21) can be written as:
𝐶

1 𝑔

𝐸𝐹 = (𝐶 𝐿 ) 𝑆(𝑔0 )
𝐷

𝑐

(22)

The weight fraction can be useful for narrowing the fuel choice based on Endurance Factor.
For that, a constant speed level flight, lift equal to drag and thrust equal to drag, is assumed for
which the weight of the aircraft varies as the fuel is consumed with time. From Ref. [10], the
weight fraction can be expressed in terms of the nearly constant EF and time as in Equation (23).
𝑊(𝑡)
𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙

−𝑡

= 𝑒𝑥𝑝(𝐸𝐹)
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(23)

3.4 Startup Mach Number Analysis
The following analysis follows the convention in Ref. [22] and considers a “pure” scramjet
𝑇
𝑇
engine. The convention of cycle static temperature ratio in this section 𝑇3 is equivalent to 𝑇2 of
0
0
𝑇
the first part of this report. The static temperature ratio 𝑇3 is the most defining factor in variation
0

of the freestream Mach Number for the initiation of supersonic combustion since for a given
freestream Mach Number (𝑀0 ), the combustor entry Mach Number decreases with the increase in
𝑇3
𝑇3
.
Therefore,
𝑇0
𝑇0also varies 𝑀0 when the flow to the combustor (𝑀3 ) is greater than 1. The
𝑇
following equation can be used to determine 𝑇3, required to lower the starting Mach Number, on
0

the basis of 𝑀0 and specific heat ratio at compression (γ) when 𝑀3 is just sonic i.e. 1:
2

𝑀3 = √

𝑇

{ 0 (1 +

γ−1 𝑇3

γ−1
2

𝑀0 2 ) − 1}

(24)

The station numbering in the control volume for the theoretical analysis based on the onedimensional flow analysis is shown in Figure 5. The freestream condition is represented by station
0, while section 0-1 represents the inlet, 1-3 is the isolator, 3-4 is the combustor, 4-9 is the nozzle,
and station 10 is the exit.

Figure 5: Comparison of three proposed fuels [13]
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The intermediate analysis leading to the formulas for the Overall Engine Performance
Measure from stations 0 to 10 shown below can be referred to Ref. [13].
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4. RESULTS
4.1 Parametric Cycle Analysis
The analytically derived performance parameters of the scramjet by the parametric cycle
analysis were used to plot those parameters vs freestream Mach number (𝑀𝑜 ) at different values
of combustion Mach number (𝑀𝑐 ). The freestream values at given altitude of 20000 m, 𝛾=1.4,
R=287 J/kg-K, and thermal limit (𝑇𝑚𝑎𝑥 ) = 1900𝐾 were 𝑇0 =216.66K and 𝑃0 = 5529.3 Pa. Several
values of 𝑀𝑐 were taken while plotting the graph in order to graphically represent the changing
behavior of the endurance factor of the scramjet along with changing combustion Mach number
for each fuel considered. Three different fuels that could be potentially used in a scramjet were
chosen and their effect on the performance parameter were noted. In the graphs plotted below, the
solid line curves represent the situation of 𝑀𝑐 < 𝑀𝑜 and the dashed line curves represent the
situation of 𝑀𝑐 ≥ 𝑀𝑜 . The solid lines are the representation of the operating conditions for an ideal
scramjet whilst the possible theoretical circumstances are outlined by the dashed line.
From the specific thrust equation of a scramjet derived in Equation (12), it can be stated
that the specific thrust of the scramjet engine doesn’t depend on the fuel choice as the equation
doesn’t involve ℎ𝑃𝑅 values. As a result, the specific thrust of the scramjet will be the same for all
the selected fuels. From Figure 6, it can be seen that the maximum specific thrust that can be
produced by a fuel increases with increase in combustion Mach number (𝑀𝑐 ). Also, the specific
thrust gradually decreases with increasing free-stream Mach number (𝑀𝑜 ) for a constant
combustion Mach number (𝑀𝑐 ).
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Figure 6: Specific Thrust versus Freestream Mach number at different combustion Mach number for an Ideal
Scramjet

Similarly, from Equation (14), thermal efficiency (𝜂𝑇 ) is the function of 𝜏𝑟 only. 𝜏𝑟 which
is the ratio of ambient altitude total temperature to the ambient altitude static temperature and it is
the function of free-stream Mach number (𝑀0 ). The heating value also in this case does not affect
the thermal efficiency of the engine as Equation (14) does not involve ℎ𝑃𝑅 . Hence, the thermal
efficiency of a scramjet engine will be the same for all the fuel selected. It is considered that all
the efficiencies are expressed between 0-1 in the analysis and plots assuming 1 to be 100 %. From
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Figure 7 it can be stated that the thermal efficiency of the scramjet increases along with the

freestream Mach number. Furthermore, the thermal efficiency of an ideal scramjet also doesn’t
depend on the combustion Mach number as the equation derived above doesn’t involve 𝜏𝜆 . Because
of this the Figure 7 only has one curve.

Figure 7: Thermal Efficiency versus Freestream Mach number for an ideal Scramjet

In addition to specific thrust and thermal efficiency, propulsive efficiency and overall
efficiency also do not depend on the fuel chosen because these performance parameters also do
not involve ℎ𝑃𝑅 in Equations (15) and (16). However, unlike thermal efficiency, the propulsive
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efficiency of the ideal scramjet depends on the combustion Mach number. Propulsive efficiency is
the ratio of the aircraft power to the power out of the engine. Propulsive efficiency and overall
efficiency are the function of the freestream Mach number with combustion Mach number as a
parameter. From Figure 8, it can be seen that, the propulsive efficiency of the scramjet increases
as 𝑀𝑜 increases but only for 𝑀𝑐 < 𝑀𝑜 as represented by a solid line. However, it is a constant value
for any 𝑀𝑐 > 𝑀𝑜 as represented by a dashed line. The overall efficiency is defined at the amount
of work done propelling the aircraft over the total energy provided by burning the fuel. The overall
efficiency is simply the product of thermal and propulsive efficiency and is a function of 𝑀0 . The
overall efficiency of a scramjet is directly proportional to the free stream Mach number (𝑀0 ), so
the scramjet is more efficient at higher freestream Mach numbers as shown in Figure 9.
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Figure 8: Propulsive Efficiency versus Freestream Mach number at different combustion Mach number for an Ideal
Scramjet
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Figure 9: Overall efficiency versus Freestream Mach number at different combustion Mach number for an Ideal
Scramjet

Figure 10 shows how thrust flux varies with 𝑀0 and 𝑀𝑐 as a parameter. Plotting thrust flux

reveals the flight Mach numbers where the uninstalled thrust for the ideal scramjet reaches a
maximum value. It can also be seen from the graph that the thrust flux increase with increasing 𝑀𝑐
and the maximum thrust flux occurs at considerably higher free-stream Mach number than the
maximum specific thrust. The thrust flux can be a deciding factor for choosing the desirable
combustion Mach number. The lower combustion Mach number that still produces enough thrust
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should be desired because the airflow is slower in the combustion chamber at low combustion
Mach number and the fuel has more time to ignite.

Figure 10:Thrust Flux versus Freestream Mach number at different combustion Mach number for an Ideal Scramjet

The performance parameters that largely rely on the lower heating value (hPR) of the fuel
selected are: thrust specific fuel consumption (S) and fuel to air ratio (f) as evident in Equations
(13) and (11) respectively. Figure 11 shows the variation of S as the function of free-stream Mach
Number for each fuel (constant hPR) at different values of the parameter Mc for LH2 and JP-7. It is
seen that S for each fuel increases with increase in the value of M0 for the case Mc< M0, while the
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pattern is not distinctive for the case Mc> M0. This is because Mc no longer acts as a parameter as
demonstrated by the trend of S following a dash-line curve. Moreover, the other tendency that can
be traced from the Figure 14, Figure 15, and Figure 16 is the lower the value of Mc, the lower the
value of S. This implies that the operation of the scramjet engine at higher Mc is not as easy as that
of the ramjet engine and more fuel is to be burned for generating the required thrust. Similarly, as
displayed in the Figure 17 through Figure 19 , the fuel to air ratio (f) increases with the square of
the combustion Mach number (Mc) for constant flight Mach Number, until the combustion Mach
number reaches or exceeds the flight Mach Number. In contrast, the value of f decreases with flight
increasing Mach number in the case of Mc<M0. The lower value of f indicates higher fuel efficiency
which is the aspect where scramjet falls behind the ramjet engine.
Figure 11 demonstrates the variation of thrust specific fuel consumption (S) with free-

stream Mach Number (M0) at a fixed value of Mc = 3.0 and various values of hPR of the selected
fuels for the purpose of comparison to facilitate the fuel selection process. In reference to Figure
11 it is observed that the higher hPR value corresponds to the lower S. From Table 2, the ratio of S

of a scramjet using hydrogen fuel to that one using JP-7 or RP-1 is approximately 0.33 at all M0
as the S values are nearly the same for JP-7 and JP-1. As the thrust specific fuel consumption is
the representation of the amount of fuel consumed per unit thrust produced, the lower value of S
is desirable for higher fuel efficiency, thereby leading to higher flight time. Thus, liquid hydrogen
offers an advantage over JP-7 and RP-1 for the use as a fuel in the scramjet engine in terms of S at
same Mc and other flight conditions.
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Table 2:Thrust Specific Fuel Consumption versus Freestream Mach number at different combustion Mach number for
an Ideal Scramjet

Freestream

S(mg/(N*s),

S(mg/(N*s), JP- S(mg/(N*s), RP-

Mach No (M0)

LH2

7

1

3

22.7576

62.67

63.40

5

22.34

61.51

62.19

7

23.83

65.57

66.36

Figure 11: Thrust Specific Fuel Consumption versus Freestream Mach number at Mc =3 for three proposed fuel
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Likewise, the Figure 12 compares the fuel-to-air ratio (f) at different M0 and different hPR
but at the same Mc = 3.0. On the basis of the plot in Figure 12, it can be established that the fuelto-air ratio decreases for the increase in M0 for Mc< M0 while the reverse trend is observed when
Mc>M0. Besides, the other vital note to take is that f is inversely proportional to hPR, so a higher
hPR result in lower values of f. The fuel-to-air ratio is the indicator of the amount of fuel essential
for the combustion process per unit mass of air for release of energy to propel the propulsion
system. Hence, lower the value of f, lower the amount of fuel essential for the operation of the
engine and higher the flight time. In accordance to Table 3, the scramjet engine consumes three
times less fuel (in terms of mass) if it is operated with LH2 as opposed to JP-7 and RP-1.

Table 3: Fuel to air ratio at Mc=3 for three proposed fuel at different M0

Mach No

f, LH2

f, JP-7

f, RP-1

3

0.0395

0.1090

0.110

5

0.0337

0.0926

0.0939

7

0.0249

0.0687

0.0696
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Figure 12: Fuel to air ratio versus Freestream Mach number at Mc =3
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Some insight into the endurance potential for the different fuels can be obtained using
Equation (22) along with notional lift-to-drag ratios based on data from Ref. [10]. The endurance
factor calculated at freestream Mach number 7 and Combustion Mach number 3 for LH2 and JP-7
are shown in Table 4 and it was found that EF of LH2 to be almost 3 times higher than that for JP7 given the mass of the fuel used was the same for both fuels.

Table 4: Endurance Factors of Liquid Hydrogen and JP-7

Notional Max CL/CD

5

EFLH2 (min)

357.285

EFJP-7 (min)

129.625

For a 1 m3 volume tank, the ratio of energy available for LH2 to JP-7 is 1:4 as in Table 5.
Itis to be noted that the density of JP-7 and RP-1 are almost equal, so only the analysis for JP-7 is
shown. The analysis for weight fraction as a function of time is performed for freestream Mach
number 7 and combustion Mach number 3. The weight of the fuel of the scramjet powered by JP7 would be 11 times heavier than LH2 for the same volume of fuel. For a leveled aircraft, lift must
be equal to the weight and thrust equal to drag, for which the scramjet has to produce more lift if
powered by JP-7 than LH2. From the Figure 13below, the time at which the weight fraction for a
powered scramjet reduced to 77% of the initial weight was selected as a reference and the weight
fraction of the vehicle was calculated using Equation (23). JP-7 powered scramjet would reach
that same weight fraction in about 1/2.6 of the reference time.
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Table 5: Volumetric Energy Comparison of Liquid Hydrogen and JP-7

Fuels f

S(kg/(N-s))

Density(kg/m3)

hPR(KJ/(kg-k)) Volumetric
hPR(KJ/m3-K)

Energy
Ratio

LH2

0.0249

0.0000238

70.8

119800

8,481,840

1.00

JP-7

0.0687

0.0000656

779

43500

33,886,500

4.00

From the information of Ref. [23] assuming a spherical fuel tank of X-51A, the diameter
of the tank was calculated to be 0.67m considering that the given weight of 4000 lbs. was including
the weight of the fuel. For a constant volume of 0.158 𝑚3 , 123 kg of JP-7 and 11 kg of liquid
hydrogen could be fueled in X-51A. Thus, the weight fraction of the vehicle powered by JP-7
would be empty at 93.25% and if powered by liquid hydrogen it would be empty at 99.38%. The
data in Table 6 is a portion of data that represents the weight fraction of the vehicle powered by
liquid hydrogen and JP-7 at combustion Mach number of 3 and flight Mach number of 7.
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Table 6: Weight Fraction expressed as a function of Time elapsed

t(min)

Weight Fraction of vehicle
when powered by LH2

Weight Fraction of vehicle
when powered by JP-7

0

100

100

1

99.72

99.23

2

99.44

98.47

3

99.16

97.71

4

98.89

96.96

5

98.61

96.22

6

98.33

95.48

7

98.06

94.74

8

97.79

94.01

9

97.51

93.29

10

97.24

92.58

From the Table 6 it is evident that for a constant volume, X-51A powered by JP-7 would
provide a flight time of 9 minutes. However, the one powered by LH2 would provide flight time
around 2 minutes. To achieve a duration of 9 minutes with LH2 would require that the weight
fraction for the fully fueled vehicle be equal to about 2.5% which is approximately 45 kg of LH2
for which the diameter of the spherical tank should be increased to 1.07 m.
The increase in the diameter of the fuel tank from 0.67 m to 1.07 m required to store enough
LH2 to give equal endurance may or may not be problematic in the X-51A, but is clearly something
that is not unrealistic to incorporate at an early stage of design in a new platform. However, more
detailed aerodynamic analysis has to be performed to understand the advantages of reduced fuel
payload weight sufficient to offset any increases in the size of the structure. Since, the simple
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endurance analysis does not provide any solid conclusions, LH2 having higher energy for the same
mass providing higher potential performance is recommended.

Figure 13: Weight Fraction vs Time Elapsed Comparison for Liquid Hydrogen and JP-7
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Beside the comparative S vs M0 plots at constant Mc = 3 for different fuels, the comparison of S
values for different freestream Mach Numbers with variation in combustion Mach Numbers for
each fuel was done. Since thrust is the function of freestream Mach number, it is important to
extend the analysis case by case for each fuel considered. Figures 14, 15, and 16 show S vs M0
plots at Mc = 0 to Mc = 5 for liquid hydrogen, JP-7, and RP-1 respectively. Similarly, the plots of
f vs M0 with the variation of Mc are displayed in Figures 17, 18, and 19 for liquid hydrogen, JP-7,
and RP-1 respectively.

Figure 14: Thrust Specific Fuel Consumption versus Freestream Mach number at different
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Figure 15: Thrust Specific Fuel Consumption versus Freestream Mach number at different
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Figure 16: Thrust Specific Fuel Consumption versus Freestream Mach number at different combustion Mach number
for RP-1 for ideal scramjet
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Figure 17: Fuel to air ratio versus Freestream Mach number at different Combustion Mach number for liquid hydrogen
fuel for an Ideal Scramjet
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Figure 18: Fuel to air ratio versus Freestream Mach number at different combustion Mach number for Ideal Scramjet
for JP-7
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Figure 19: Fuel to air ratio versus Freestream Mach number at different Mach Number for Ideal Scramjet for RP-1

4.2 Startup Freestream Mach Number
To broaden the spectrum of the analysis of this paper, additional fuels in PCA as mentioned
in Ref. [22] are reviewed in the quest of reducing the starting Mach number of the scramjet. Since
RP-1 was the least desirable fuel in prior analysis. RP-1 was not considered for this part of analysis.
The fuels chosen for the analysis are Liquid Hydrogen, Methane, Ethane, Hexane, Octane, JP-7
and JP-10. The corresponding lower heating value of the fuels are as mentioned in the Table 7
below.
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Table 7: Lower Heating Values [13] [23] [24]

Fuel Type

Lower Heating Value, hPR(kJ/kg)

Liquid Hydrogen

119,800

Methane

50010

Ethane

47484

Hexane

45100

Octane

44786

JP-7

43903

JP-10

42100

In Addition to the lower heating value of the fuel the ignition temperature is an important
parameter. The temperature at which the fuel self-ignites in air without a flame source or spark is
the ignition temperature of a fuel. For the analysis, the starting Mach number is aimed to be
lowered to 3.5-4 at which the air temperatures are relatively lower than at Mach 5. In order to use
the fuel for a scramjet, the fuel should be able to ignite in those making ignition temperature an
important parameter. The ignition temperature for different fuels are shown in Table 8.
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Table 8: Ignition Temperatures [24] [25] [26]

Fuel Type

Ignition Temperature (K)

Liquid Hydrogen

845.15

Methane

810.15

Ethane

745.15

Hexane

498.15

Octane

479.15

JP-7

514.15

JP-10

518.15

Also, the stoichiometric fuel to air ratio is necessary in order to use one dimensional flow
analysis equations and can be calculated by using the formula mentioned in Ref. [22]. The
stoichiometric fuel to air ratio values are displayed in Table 9.
Table 9: Stoichiometric Fuel to Air Ratios [22]

Fuel Type

Chemical Formula

fst

Liquid Hydrogen

H2

0.0291

Methane

CH4

0.0583

Ethane

C2H6

0.0624

Hexane

C6H14

0.0659

Octane

C8H18

0.0664

JP-7

C12H25

0.0674

JP-10

C10H15

0.0707
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For a scramjet engine the combustion must take place in supersonic regime. Roberts and
Wilson in Ref. [22] performed the one-dimensional flow analysis equation which was repeatedly
run for a range of freestream Mach number maintaining combustion Mach number greater than 1
𝑇
to determine maximum 𝑇3 possible with established hPR and fst. The main goal of the analysis was
0

to reduce the starting Mach number to 3.5-4. The main purpose of using the range of freestream
Mach number was to determine the minimum freestream Mach number at which the fuel would
𝑇
be able to attain the supersonic combustion at 𝑇3 given that the fuel did not achieve the supersonic
0

combustion at designated Mach number 3.5 considering the practical performances as mentioned
in Ref. [22].
In addition to this, the ignition temperature of the fuel should be considered while
𝑇
determining the required 𝑇3 such that the fuel is able to ignite at each freestream Mach number.
0
𝑇
𝑇
Thus, the maximum possible 𝑇3 obtained in the first part was compared with the required 𝑇3 to
0
0
ignite the fuel at each freestream Mach Number. The analysis performed by Roberts and Wilson
in Ref. [22] in determining the lowest starting freestream Mach number began with a freestream
Mach number of 3.5 and was completed when ignition was achieved. The margin of error of 5%
𝑇
was subtracted from possible 𝑇3 and tabulated alongside ignition temperature and lowest starting
0

freestream Mach numbers as in Table 10 [22].
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Table 10: Lowest starting freestream Mach number along with possible

𝑇3
ratio [22]
𝑇0

𝑇3
𝑇0

Fuel Type

Ignition
Temperature(K)

Lowest 𝑀0

Hydrogen

845.15

5.5

4

Methane

810.15

5.35

3.75

Ethane

745.15

5

3.5

JP-10

518.15

4.35

2.5

JP-7

514.15

4.3

2.5

Hexane

498.15

4.3

2.4

Octane

479.15

4.25

2.25

From table 7, it is evident that the starting Mach number decreases with decrease in the
ignition temperature of the fuel. For visualizing the relationship, a graph between Lowest Starting
Mach number vs Ignition Temperature was plotted as in Figure 20.
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Figure 20: Lowest Starting Freestream Mach Number vs Ignition Temperature

Figure 20 is a recreation of a plot performed by Roberts and Wilson in Ref. [22] in which

they looked at the relationship between the starting Mach number and ignition temperature of the
fuel. Clearly, the data follow an almost linear relationship, so as part of their analysis, the
investigators performed a curve fit on the ignition temperature data to lower corresponding starting
𝑀0 . The curve fit produced the following linear equation for the lowest starting freestream Mach
number:
y= 0.034x + 2.6096
𝑀𝑜,𝑙𝑜𝑤𝑒𝑠𝑡 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 = 0.0034 Ignition Temperature + 2.6090
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(25)

Hence, from the Equation (25) it can be stated that lower the ignition temperature of the
fuel, lower will be the starting Mach number. And from the prior analysis in the paper, it was
concluded that fuel having higher lower heating value can ensure better overall performance.
Again, from table D, it can be noted that the lowest possible starting freestream Mach
number of 4.25 can be achieved with Octane having lower hPR value of 44786 kJ/kg. And a similar
result can be obtained with the starting freestream Mach number of 4.30 with JP-7 with lower hPR
value of 43500 kJ/kg. Even though the performance of JP-7 and Octane were comparable, JP-7
fuel is chosen as a better fit because JP-7 has been more widely used and tested for high Mach
number flights. In Addition to that, JP-7 served as a heat sink for the various aircraft and engine
accessories which would otherwise overheat at the high temperature encountered in high Mach
number flight in aircrafts like SR-71 [27]. Thus, due to these properties JP-7 was chosen to be
better suited to lower the starting Mach number of the scramjet. From the fuel analysis, it is clear
that the starting free stream Mach number cannot be lowered as low as 3.5. However, a starting
free-stream Mach number of 4.3 can be achieved with JP-7.
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5. CONCLUSION AND RECOMMENDATIONS
5.1 Parametric Cycle Analysis
The parametric performance of an ideal scramjet engine has been analyzed and compared
for three different fuels: Liquid hydrogen, JP-7 and RP-1. The seven performance parameters:
Specific thrust(F/ṁo), thermal efficiency(𝜂𝑇 ), propulsive efficiency(𝜂𝑃 ), overall efficiency(𝜂𝑜 ),
thrust-flux(

𝐹
𝐴2

), thrust-specific fuel consumption(S) and fuel to air ratio(f) for an ideal scramjet

engine were evaluated to develop a better understanding of the effect of different fuels on
performance. It was concluded from parametric cycle analysis that only two parametric
expressions i.e. thrust specific fuel consumption and fuel to air ratio were dependent on the type
of fuel used. In other words, only thrust specific fuel consumption and fuel to air ratio were the
function of hPR.
Among the three proposed fuels, liquid hydrogen was determined to be the best fuel for an
ideal scramjet engine because it was found to have the lowest thrust specific fuel consumption and
fuel to air ratio resulting in higher endurance factor. Fuels having higher value of hPR resulted in
the lower values of thrust specific fuel consumption and fuel to air ratio. Lower value of thrust
specific fuel consumption means that liquid hydrogen could produce the same thrust by burning
less fuel in a given time compared to the other fuel. Furthermore, less fuel to air ratio means liquid
hydrogen could produce the same thrust by using less fuel. Conclusively, lesser the fuel is used at
a given time, longer will be the flight time of the scramjet giving higher endurance factor.
However, the density of liquid hydrogen is very low, due to this large volume of fuel is
required to be stored on an aircraft which increases the weight of the aircraft. Also, the flash point
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of liquid hydrogen is small which increases the handling issues as it may result in fire hazards
easily. For future analysis it is recommended that a wider range of fuel choices should be
researched and with the advancement of technology the limitation of using liquid hydrogen as a
fuel may be overcome. JP-7 and RP-1 were concluded to be ineffective in comparison to liquid
hydrogen on the basis of the endurance factor for an ideal scramjet engine.

5.2 Starting Mach Number
The effect of fuel choice in lowering the starting freestream Mach number of the scramjet
engine was analyzed. For this analysis seven different kinds of hydrogen and hydrocarbon fuels
were chosen namely: Liquid Hydrogen, Methane, Ethane, JP-10, JP-7, Hexane and Octane.
Ignition temperatures and lower heat of reaction of each kind of fuel were cited from Ref. [22].
Following the one-dimensional flow analysis performed in Ref. [22] with the range of freestream
𝑇
Mach number for supersonic combustion Mach number i.e. 𝑀3 ≥ 1, maximum possible 𝑇3 was
0
𝑇
𝑇
determined. Again, the maximum possible 𝑇3 was compared with necessary 𝑇3 to ignite each fuel
0

0

for each freestream Mach number. The analysis was completed starting with a freestream Mach
number of 3.5 and continuing upwards until ignition was achieved, resulting in the lowest starting
Mach number [22].
Finally, the relationship between ignition temperature of the fuel and Lowest starting Mach
number was determined. The relationship explicitly stated that lower the ignition temperature of
the fuel lower can be the starting freestream Mach number. However, from the prior analysis of
this paper, it was concluded that higher hPR can result in better overall performance. Thus, ignition
temperature and hPR of the fuel are the key constraints on the ability of the scramjet to start at a
lower Mach number. JP-7 and Octane had comparable results with lowest starting Mach numbers
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of 4.3 and 4.25 respectively and lower heating values of 43500 kJ/kg and 44786 kJ/kg respectively.
JP-7 fuel is chosen as a better fit because JP-7 has been more widely used and tested for high Mach
number flights. Also, JP-7 served as a heat sink for the various aircraft and engine accessories
which would otherwise overheat at the high temperature encountered in high Mach number flight
in aircrafts like SR-71 [27].
Various other parameters can be taken into consideration in pursuit to reduce the starting
Mach No. to 3.50-4.30 beside the fuel selection mentioned in this report. Variation of cycle static
temperature ratio and Variation of fuel-to-air ratio are the other approaches used by the researchers
to study the possibility of lowering the freestream Mach Number for supersonic combustion.
However, the analysis performed in Ref. [22] reveals the variation of cycle static temperature ratio
𝑇
is not a viable option pertaining to the fact that 𝑇3 at freestream Mach Number 3.50 does not yield
0

significant performance outcomes. In contrast, the variation of fuel-to-air ratio of JP-7 could lower
the starting Mach Number to 3.68 ensuring the possibility of extending the range below to Mach
Number 4.00. Further study, advanced research, and newer technologies in future in the hypersonic
domain will be crucial for putting this concept into real-world applications.
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